Cholinergic inhibition of urinary acidification by the turtle bladder  by Arruda, Jose A.L. et al.
Kidney international, Vol. /7(1980), pp. 622-630
Cholinergic inhibition of urinary acidification
by the turtle bladder
JOSE A. L. ARRUDA and SANDRA SABATINI
with the technical assistance of GEORGE DYTKO, ROGER MOLA, and JELL HSEIH
Department of Medicine, University of illinois Abraham Lincoln School of Medicine and the West Side Veterans
Administration Medical Center, Chicago, Illinois
Cholinergic inhibition of urinary acidification by the turtle blad-
der. The effect of carbachol on urinary acidification by the turtle
bladder in vitro was studied. Carbachol inhibited urinary acid-
ification in a dose-dependent fashion, with half maximal inhibi-
tion occurring at 4.5 x I0 M. Theeffect of carbachol on urinary
acidification could be totally prevented by atropine, indicating
that the inhibition is mediated through a muscarinic receptor.
Carbachol inhibited hydrogen ion secretion by decreasing the ac-
tive proton conductance and not by altering the proton motive
force. Carbachol failed to increase passive loss of hydrogen ion
from the mucosa. Carbachol increased calcium uptake by the
turtle bladder; this increase in calcium uptake could be pre-
vented by pretreatment with atropine, pentobarbital, or lantha-
num. Pentobarbital or lanthanum blunted the inhibitory effect of
carbachol on hydrogen ion secretion. In the presence of low ex-
tracellular calcium (0.2 mM), carbachol failed to increase calcium
uptake but caused a significant inhibition of hydrogen ion secre-
tion. In the presence of normal calcium concentration, carbachol
caused a significant efflux of calcium. These data demonstrate
that carbachol inhibits urinary acidification and suggest that the
mechanism of this inhibition may be related, at least in part, to
changes in cytosolic calcium.
Inhibition cholinergique de l'acidification urinaire par Ia vessie
de tortue. L'effet du carbachol sur l'acidification urinaire par Ia
vessie de tortue in vitro a été étudié. Le carbachol inhibe
l'acidification urinaire, l'inhibition est dose dépendante et Ia
demi-inhibition maximale est obtenue a 4,5 x l0 M. L'effèt du
carbachol sur l'acidification urinaire peut étre complètement em-
péché par l'atropine, ce qui indique que l'inhibition a pour me-
diateur un récepteur muscannique. Le carbachol inhibe Ia secré-
tion d'ions de hydrogene en diminuant Ia conductance et non en
modifiant Ia force cinétique. Le carbachol n'a pas augmenté Ia
perte passive d'ions de bydrogéne par Ia muqueuse. Le carba-
chol a augmenté la captation de calcium par Ia vessie de tortue.
Cette augmentation peut étre empéchee par un prétraitement par
l'atropine, le pentobarbital ou le lanthane. Le pentobarbital ou le
lanthane masquent l'effet inhibiteur du carbachol sur Ia sCcrétion
d'ions de hydrogene. En presence d'une concentration extra-
cellulaire de calcium faible (0,2 mM), le carbachol n'a pas aug-
menté Ia captation de calcium, mais a déterminé une inhibition
significative de Ia sécrétion d'ions de hydrogéne. En presence
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d'une concentration normale de calcium Ic carbachol entraine un
efflux significatif de calcium. Ces résultats démontrent que le
carbachol inhibe l'acidification urinaire et suggere que le mCca-
nisme de cette inhibition peut être en rapport, au moms parti-
ellement, avec des modifications du calcium cytosolique.
Cholinergic agents have long been known to in-
crease renal blood flow and sodium and water ex-
cretion [I]. Studies in the toad and turtle bladders
have demonstrated that cholinergic agents inhibit
sodium transport by this membrane and therefore
have suggested that the inhibitory effect of these
compounds on sodium transport is due to a direct
cellular effect rather than a secondary hemo-
dynamic effect [2—4]. Cholinergic agents increase
calcium uptake by several tissues [5—8], including
the toad bladder [2], and it has been suggested that
the inhibitory effects of these compounds on so-
dium transport may be related to an increase in
cytosolic calcium concentration.
The effect of cholinergic agents on urinary acid-
ification has not been previously studied. We have
demonstrated recently [9] that the ionophore
A23 187, an agent that increases calcium uptake
[10], causes a significant inhibition of urinary acid-
ification by the turtle bladder. These data have pro-
vided evidence that an increase in cytosolic calcium
inhibits urinary acidification. The suggestion that
the effects of cholinergic agents on transport are at
least in part mediated by an increase in cytosolic
calcium [2] has prompted us to investigate the effect
of those compounds on urinary acidification by the
turtle bladder.
Methods
Urinary bladders of fresh water turtles were re-
moved, divided into halves, and each hemibladder
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was mounted in a plastic (Lucite®) chamber. The
exposed area of the bladder was 8 cm2, and the re-
suits are expressed for this area. The two sides of
the bladder were bathed in 10 ml of bicarbonate and
magnesium-free Ringer's solution containing the
following composition (in millimoles per liter): so-
dium chloride, 114.4; potassium chloride, 3.5; di-
basic sodium phosphate, 2.0; dextrose, 5; and either
1.8 or 0.2 calcium chloride. In all experiments the
mucosa was bubbled with compressed air that had
been passed through three potassium hydroxide
traps to remove all carbon dioxide, and the serosa
was bubbled with a gas mixture containing 99% air
and 1% carbon dioxide. The spontaneous potential
difference (PD) was measured through the use of 3
M potassium chioride-agar bridges and calomel half
cells, which were connected to a voltmeter (model
600B Keithley Instruments, Inc., Cleveland, Ohio).
An automatic voltage clamp was used to supply
enough current via the potassium chloride-agar
bridges and silver/silver chloride electrodes to nul-
lify the spontaneous PD. The short-circuit current
(SCC) was measured by a Simpson microammeter.
All experiments were performed in a short-circuited
state. Bladders that failed to maintain a spontane-
ous PD greater than 15 mV during the first hour
were discarded. The rate of hydrogen ion secretion
was measured as the SCC after the sodium trans-
port was abolished by 5 x 10 M ouabain added to
the serosal side. Schwartz [11] has shown that the
addition of ouabain to the serosa results in a rever-
sal of the SCC (mucosa positive, serosa negative).
The reverse short-circuit current (RSCC) was iden-
tical to the rate of hydrogen ion secretion measured
with the pH stat method. We have measured the
rate of hydrogen ion secretion simultaneously with
the pH stat method and with the RSCC method
and found it to be not significantly different (pH
stat, 25.0 2.64; RSCC, 23.7 2.31 LA in 18 hemi-
bladders). In some experiments, hydrogen ion se-
cretion was measured simultaneously both with the
pH stat method and with the RSCC method. In
these experiments, the rate of acidification was
taken to be the amount of 0.01 N sodium hy-
droxide added per minute to maintain the mucosal
pH constant at 7.4. In the presence of carbachol,
the RSCC was also identical to the rate of hydrogen
ion secretion measured with the pH stat method
(RSCC of 28.3 3.6 vs. pH stat of 26.3 4.0 /LA;
NS; N = 10). In the experiments reported here, the
RSCC was recorded continuously except for brief
intervals when the PD was measured. In all experi-
ments, the pH of the mucosa was maintained at 7.4.
The pH of the serosa was also maintained at 7.4.
After the RSCC was stable for at least 30 mm, the
experimental agent was added to the serosal side of
one hemibladder (experimental), and an equal
amount of the vehicle was added to the serosal side
of the other hemibladder (control). The RSCC was
measured continuously for at least 60 mm after the
addition of carbachol. In some experiments, the pH
gradient necessary to nullify the rate of hydrogen
ion secretion (designated as the apparent proton
motive force; PMF) was measured before and after
30 mm of addition of the carbachol or vehicle to the
serosal side [12]. In these experiments, the pH of
the mucosa was lowered in a stepwise fashion from
7.4 to 6.4, 5.4, and then to a level at which the hy-
drogen ion secretion was nullified. At each of these
levels, hydrogen ion secretion was measured. The
apparent proton motive force (expressed in pH
units) was calculated as the difference between cell
pH, which was assumed to be 7.4, and the mucosal
pH at which hydrogen ion secretion was nullified
[12]. The assumption that the cell pH was 7.4 is
based on the demonstration that the cell pH is re-
markably close to 7.4, despite wide variations in the
pH of the bathing fluids or in the rate of hydrogen
ion secretion [13, 14]. Active proton conductance
was calculated as the slope of hydrogen ion secre-
tion on the applied pH gradient by the least square
method [12]. In the experiments designed to assess
the rate of hydrogen loss from the mucosal solution,
the bladders were bathed with regular turtle Ring-
er's solution, and the mucosal pH at which net hy-
drogen ion secretion became zero (end point) was
determined. This value was determined when the
pH of the mucosal solution remained stable, and at
which point the net movement of either acid or
alkali was not detectable (< 0.075 imoles/hr) [15].
Usually 3 to 4 hours were required for the end-point
value to be achieved. Hemibladders with end points
higher than 5.1 were not included in the study. The
possible presence of hydrogen loss from the mucos-
al solution was investigated by setting the end point
of the titrator (the titrant was 0.01 N hydrochloric
acid) at the level of zero net hydrogen ion secretion.
Radioactive calcium uptake and calcium efflux.
These experiments were performed on the stripped
mucosa of the turtle bladder with the method of
Nakagawa et alto separate the mucosa from the re-
maining tissues [16]. This technique yields essen-
tially a layer of epithelial cells with some connective
tissue [16]. For the calcium uptake experiments, the
control and the experimental sections of the bladder
were preincubated in individual beakers containing
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10 ml of oxygenated turtle Ringer's solution and 5 xl0 M ouabain and 1.8 m calcium for 10 mm. The
sections of the bladder were incubated for an addi-
tional 10 mm either with the diluent, turtle Ringer's
(time control section), or with one or more of the
following drugs: 10 M carbachol, l0 M atropine,
10 M atropine plus 10 M carbachol, 10-6 M pen-
tobarbital, 10-6 M pentobarbital plus 10 M carba-
chol, 5 X 10 M lanthanum chloride, and 5 X 105M
lanthanum chloride plus 10 M carbachol. An addi-
tional group of experiments was performed in which
one hemibladder was bathed in turtle Ringer's solu-
tion containing 0.2 m calcium, and the control
hemibladder was bathed in turtle Ringer's solution
containing 1.8 m calcium. After 10 mm of in-
cubation, 0.5 to 0.9 MCi of calcium-45 chloride was
added, and after 5 mm of exposure to calcium 45,
the sections of the bladder were removed, blotted,
and digested in 1 ml of 1 N sodium hydroxide over-
night. The dissolved tissue was neutralized with 200
ml of 5 N hydrochloric acid and 10 ml of Scintiverse
(Fisher Scientific). Aliquots of the digested tissue
were removed for determination of protein and
counting. Samples were counted in a liquid scintilla-
tion counter. Appropriate corrections were made
for quenching and machine efficiency. Specific ac-
tivity was obtained by determining the calcium-45
radioactivity on samples of the incubation medium
and by measuring the concentration of "cold" cal-
cium in the medium. The total amount of calcium-45
uptake was then calculated, with the results ex-
pressed in nanomoles per milligram of protein per 5
mm. The technique for calcium efflux was adapted
from the method used by one of us to measure
calcium efflux from the atria [17]. For the ef-
flux measurements, the hemibladders were loaded
for 30 mm in 5 ml of oxygenated normal turtle Ring-
er's solution containing 0.9 MCi of calcium 45. After
this time, the tissues were removed and passed se-
quentially through a series of prewashed scintilla-
tion vials containing 5 ml of nonradioactive turtle
Ringer's solution that was continuously oxygen-
ated. The efflux was measured at 1-mm intervals
during the first 10 mm and at 15-, 20-, 25-, 30- and
thereafter at 10-mm intervals until 60 mm had
lapsed. During the first 4 mm, the experimental
hemibladders were not exposed to carbachol; after
this time all subsequent vials of experimental hemi-
bladders contained l0 M carbachol. One-millili-
ter aliquots were dissolved in 10 ml of Bray's solu-
tion (Isolab) and counted in a liquid scintillation
counter. For each tissue, the amount of calcium ef-
fluxed into the medium at 2 mm was used as the
reference value to normalize the amount of calcium
effluxed at all subsequent periods. The results are
expressed per milligram of protein per minute. Ap-
propriate quench corrections were made.
Data are presented as the means SEM. The data
for hydrogen ion secretion were normalized by ex-
pressing the experimental values as the percentage
of the baseline values. Student's t test for paired
and unpaired data was used to analyze the data
whenever appropriate. Carbachol, atropine, and di-
butyryl cyclic guanosine monophosphate were ob-
tained from Sigma Co., lanthanum chloride was ob-
tained from Scientific Products Co., and pentobar-
bital from Abbot Laboratories.
Results
Effect of carbachol on hydrogen ion secretion.
The left panel of Fig. 1 shows the effect of l0 M
carbachol, added to the serosal solution, on hydro-
gen ion secretion. There was no difference in hydro-
gen ion secretion between the two sets of hemiblad-
ders (control, 54.2 14.2; experimental, 60.5
16.2 MA; NS). Addition of carbachol resulted in a
significant decrease in hydrogen ion secretion to
51.7 6.7% of the baseline values at 3 mm. The
inhibition of hydrogen ion secretion by carbachol
tended to decline with time, but by the end of 60
mm the hydrogen ion secretion was significantly
lower than the control values (carbachol, 72.0
7.6; control, 98.3 5.2%, P < 0.02). In control
hemibladders, hydrogen ion secretion remained un-
changed. The effect of carbachol on hydrogen ion
secretion was not reversible with washing of the
serosal solution with fresh Ringer's solution. In four
hemibladders treated with 10 M carbachol, the hy-
drogen ion secretion was 68.3 3.9% before, and
63.0 3.7% 30 mm after the removal of carbachol.
The effect of carbachol on hydrogen ion secretion
was spontaneously reversible with time; the rate of
hydrogen ion secretion returned to baseline values
approximately 3 hours after addition of carbachol.
Addition of carbachol to the mucosal solution failed
to alter the hydrogen ion secretion (25.8 5.0 MA
before and 25.2 4.9 MA 30 mm after addition of
10' M carbachol to the mucosal solution, N = 5).
The right panel of Fig. 1 shows the effect of pre-
treatment with l0 M atropine on the inhibitory ef-
fect of carbachol. There was no difference in the
baseline rate of hydrogen ion secretion between the
two sets of hemibladders (control, 27.3 6.4; ex-
perimental, 32.0 3.4 MA; NS). One set of hemi-
bladders was pretreated with l0 M atropine 30 mm
before the addition of carbachol. Carbachol, l0 M,
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Fig. 1. Left panel: Hydrogen ion secretion, expressed as percentage of baseline values, in control (open circles) and carbachol-treated,
IO M in the serosal solution, hemibladders (filled circles). Right panel: Effect of pretreatment with atropine, 1O M in the serosal
solution, on the inhibitory effect of carbachol on hydrogen ion secretion. Atropine had no effect on hydrogen ion secretion. Carbachol,
1O M, was added to both sets of hemibladders. In the hemibladders pretreated with atropine (open circles) carbachol failed to inhibit
hydrogen ion secretion, whereas in the other set of hemibladders (filled circles) carbachol caused a significant inhibition of hydrogen ion
secretion.
80
60
was then added to both hemibladders. Atropine did
not alter the hydrogen ion secretion (control, 93.0
3.4; atropine, 97.0 4.1%; NS). In the hemiblad-
ders pretreated with atropine, carbachol failed to al-
ter hydrogen ion secretion, whereas in the hemi-
bladders treated with carbachol alone a significant
inhibition of hydrogen ion secretion occurred.
Figure 2 shows the inhibition of hydrogen ion se-
cretion with different concentrations of carbachol.
Hydrogen ion secretion was inhibited, as compared
to controls (9.8 0.5% at l0_6 M, P < 0.001; 14.3
3.5% at 10 M, P < 0.01; 46.2 6.2% at l0 M, P
< 0.001; and 53.0 14.8% at 10 M, P <0.025).
The right panel of Fig. 2 shows the double recipro-
cal of the data, indicating that inhibition is linear (y
= 333 + 71.7x, r = 0.86) with half maximal inhibi-
tion occurring at 4.5 x l0 M.
Effect of carbachol on short-circuit current
(SCC). We also examined the effect of carbachol on
SCC in the absence of ouabain. In the turtle blad-
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Fig. 2. Left panel: Relationship between the concentration of carbachol and inhibition of hydrogen ion secretion. Right panel: Double
reciprocal plot of the same data showing that half maximal inhibition occurred at 5 X 1O5M.
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Fig. 3. Effect of pretreat ment with pentobarbital (left panel), lanthanum (middle panel), or low extracellular calcium concentration (right
panel) on the inhibitory effect of carbachol on hydrogen ion secretion. Carbachol, l0 M, was added to both sets of hemibladders. The
inhibitory effect of carbachol on hydrogen ion secretion was blunted by pentobarbital or lanthanum but not by low extracellular calcium.
der, like the toad bladder, carbachol, l0- M, in the
serosal solution resulted in a significant decrease in
the SCC, a measure of sodium transport, as com-
pared to control hemibladders (control, 104 3.4%;
carbachol, 68 6.6%; P < 0.005 at 30 mm, N 5).
There was no difference in baseline SCC between
the two sets of hemibladders (260 36.0 vs. 285
51.5 A, NS). The decline in SCC was accom-
panied by a proportional reduction in PD (42.8
5.9 vs. 27.8 5.0 mV, P < 0.02) leaving the resis-
tance unchanged. In control hemibladders, PD re-
mained unchanged (32.8 8.7 vs. 31.8 8.4 mY,
NS).
Effect of carbachol on hydrogen ion secretion in
the presence of pentobarbital, lanthanum, or low
extracellular calcium concentration. The effect of
carbachol on other organs [5-8] and in the toad
bladder [2] has been shown to be dependent on ex-
tracellular calcium concentration. Figure 3 shows
the effects of carbachol in the presence of low extra-
cellular calcium (right panel) or in the presence of
pentobarbital (left panel) or lanthanum (middle pan-
el). The two last agents inhibit calcium uptake in
response to several stimuli [2,10,18,19]. They were
added to the serosa solution 30 mm before the addi-
tion of carbachol. The first panel shows the effect of
pretreatment with I /LM pentobarbital on the inhib-
itory effect of carbachol on hydrogen ion secretion.
The baseline rate of hydrogen ion secretion was not
significantly different between control and experi-
mental hemibladders (control, 32.3 5.6; experi-
mental, 32.0 7.7 ptA; NS). Pentobarbital alone
had no effect on hydrogen ion secretion (102.8 3.8
vs. 98.0 1.7%, NS). Addition of I0 M carbachol
to both hemibladders resulted in a significant de-
crease in hydrogen ion secretion in both hemiblad-
ders. Observe, however, that in hemibladders pre-
treated with pentobarbital the inhibitory effect of
carbachol was significantly lower than it was in the
other hemibladders.
There was no difference in the baseline rate of
hydrogen ion secretion between controls and hemi-
bladders treated with lanthanum (27.2 3.5 vs.
vs. 31.6 3.3 A, NS). Lanthanum alone, 5 X 10
M in the serosa, did not have any inhibitory effect
on hydrogen ion secretion (control, 98.0 3.5;
lanthanum, 102.0 4.1%; NS). Addition of 10
M carbachol resulted in a significant depression
of hydrogen ion secretion in both sets of hemi-
bladders; in the hemibladders pretreated with lan-
thanum added to the serosal solution, carbachol had
a lesser inhibitory effect on hydrogen ion secretion.
The right panel of Fig. 3 shows the effect of car-
bachol in the presence of either 1.8 m calcium or
0.2 m calcium. The baseline rate of hydrogen ion
secretion was not different between the two sets of
hemibladders (21.6 4.6 vs. 20.4 1.3 p.A, NS).
Overall, the inhibitory effect of carbachol on hydro-
gen ion secretion was of the same magnitude in the
presence of both 1.8 m calcium and 0.2 m cal-
cium, and in one period was greater in the presence
of low calcium concentration. Thus, the inhibitory
10 20 30 10 20 30 10 20 30
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Table 1. Effect of l0 M carbachol, 10-6 M atropine, 5 x 10-6 M pentobarbital, lanthanum and low extracellular calcium (<0.2 mM) Ofl
calcium-45 uptake by the stripped mucosa of the turtle bladders
.Timed
control
Calcium-45 uptake, nmoleslmg proteinl5 mm
P Carbachol Other drugs P Other drugs combined
Atropine Atropine + carbachol
33.8 2.8 <0.05 38.4 3.7 28.8 3.7 NS 27.5 4.4
(N=6) (N=6) (N=5)
Pentobarbital
(N=4)
Pentobarbital + carbachol
21.1 1.8 <0.05 25.3 2.2 22.1 1.9 NS 18.4 2.5
(N = 6) (N =6) (N = 6)
Lanthanum
(N = 6)
Lanthanum + carbachol
16.7 2.9 <0.01 21.5 2.9 17.8 1.6 NS 16.7 3.1
(N=6) (N=6) (N=6)
0.2mM Calcium control
(N—6)
0.2mM Calcium + carbachol
24.8 4.1 <0.05 31.8 2.9 4.8 0.5 NS 5.0 1.7
(N=6) (N=6) (N=6) (N=6)
Values are the means SEM.
effect of carbachol on hydrogen ion secretion is
blunted by pentobarbital or lanthanum but not by
low extracellular calcium.
Effect of carbachol on radioactive calcium up-
take and efflux. Table I shows the effect of carba-
chol, 10 M, on radioactive calcium uptake by the
turtle bladder. Although there was some variability
in the baseline rate of calcium uptake, carbachol
caused a significant increase in calcium uptake as
compared to time-control bladders. The increase in
calcium uptake could be totally prevented by atro-
pine, which by itself did not alter calcium uptake.
Pentobarbital and lanthanum alone did not alter cal-
cium uptake. The effect of carbachol on calcium up-
take was totally prevented by either pentobarbital
or lanthanum. In the presence of low calcium, car-
bachol failed to increase calcium uptake. We also
examined the effect of carbachol on calcium effiux,
because in other tissues carbachol has been shown
to increase this parameter [5, 7, 8, 20]. Figure 4 (left
panel) shows that carbachol, 10 M, caused a sig-
nificant increase in calcium efflux as compared to
controls. The increase in calcium effiux elicited by
carbachol was totally prevented by atropine (Fig. 4,
right panel).
Effect of carbachol on proton motive force and
conductance and on passive hydrogen ion loss from
mucosa. Table 2 shows the effect of 10 M carba-
chol in the serosal solution on the proton motive
force and active conductance. In the baseline state,
there was no difference in the proton motive force
or conductance between the two sets of hemiblad-
ders. In the carbachol-treated bladders, the proton
motive force was unchanged, and the active con-
ductance decreased significantly. In control hemi-
bladders, the proton motive force and conductance
remained unchanged (Table 2). In both control and
carbachol-treated hemibladders, the relationship
between hydrogen ion secretion and the applied
mucosal pH gradient was linear with a correlation
coefficient greater than 0.9 in all experiments.
The inhibition of hydrogen ion secretion caused
by carbachol in the previous experiments could not
be caused by increased backleak of hydrogen ion
from the mucosal solution, because these experi-
ments were performed in the absence of a pH gradi-
ent. Inasmuch as carbachol could theoretically in-
crease membrane permeability, we examined the
effect of carbachol on passive hydrogen ion loss
from the mucosal solution. In control hemibladders,
hydrogen ion loss was undetectable (< 0.075
imoles per I hr, N = 5). In carbachol-treated he-
mibladders, l0 M in the serosa, hydrogen ion loss
from the mucosal solution was also undetectable (N
= 5). The mucosal pH at which hydrogen ion secre-
tion was nullified was not significantly different be-
tween control and carbachol-treated hemibladders.
Effect of dibutyryl cyclic guanosine mono-
phosphate on hydrogen ion secretion. Because car-
bachol has been shown to increase cyclic guanosine
monophosphate (cyclic GMP) in several tissues in-
cluding the toad bladder [2, 3, 22—24], the effects of
this compound on several functions have been at-
tributed to cyclic GMP. For this reason we sought
to determine whether exogenous cyclic GMP could
inhibit hydrogen ion secretion. The baseline rate of
hydrogen ion secretion in two sets of hemibladders
was not significantly different (42.6 vs. 43.8
11.9 A, NS, N = 5). At 10 M in the serosal solu-
tion dibutyryl cyclic GMP failed to alter hydrogen
ion secretion (control, 100.4 1.7; dibutyryl cyclic
GMP, 102.2 3.3%; NS; N = 5). At 1O M, this
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Fig. 4. Left panel: Effect of carbachol, 1O M, on calcium-45 efflux by the turtle bladder. Carbachol promoted a significant increase in
calcium efflux as compared to the control hemibladders (N 5). Right panel: Hemibladders pretreated with atropine, showing that
carbachol failed to increase calcium efflux (N = 5).
compound also failed to alter hydrogen ion secre-
tion (90 7.2%, N = 2).
Discussion
The data of the present study clearly demonstrate
that carbachol inhibits urinary acidification by the
turtle bladder and that the inhibition is mediated
through a muscarinic receptor because it could be
blocked by atropine [25]. The data of the present
study confirm the observation that cholinergic
agents inhibit sodium transport by the turtle bladder
[4].
Urinary acidification by the turtle bladder is influ-
enced by the availability of carbon dioxide and sub-
strates, electrochemical gradients, and aldosterone
[11-15, 26—29]. In the present study, experiments
were performed in the short-circuited state with
mucosal pH at 7.4, in the presence of carbon diox-
ide and substrates; therefore, changes in these pa-
rameters can not account for the inhibition of uri-
nary acidification.
The suggestion that the effect of cholinergic
agents on sodium transport was related to an in-
crease in cytosolic calcium [2] is interesting because
we have previously demonstrated that the iono-
phore A23 187, an agent that increases calcium up-
take, caused a marked inhibition of urinary acid-
ification by the turtle bladder [9]. It was therefore
necessary to examine whether the inhibition of uri-
nary acidification by carbachol could be related to
an increase in calcium uptake.
The data of the present study demonstrate that
carbachol stimulates calcium uptake which can be
blocked by atropine, pentobarbital, or lanthanum.
We believe that the increase in calcium uptake elic-
ited by carbachol, as compared to calcium uptake in
tissues serving as time controls, reflects a true phe-
nomenon. This increase in calcium uptake is likely
not the consequence of nonspecific binding of the
radioactive label, because we incubated the tissue
with radioactive calcium for only 5 mm. This short
incubation time probably eliminated almost all non-
specific binding. Because carbachol may also in-
crease permeability, there could be a backleak of
calcium; the short incubation time likely minimizes
these effects [10]. Because the technique used
yields mainly epithelial cells [16], we believe that the
blockade by atropine of carbachol-induced calcium
Table 2. Effect of l0 M carbachol in the serosal solution, on the proton motive force (PMF), and on conductance (N = I l)
Group
Baseline H
secretion
pA
Experimental/baseline
H secretion
%
PMF
,,m units
Active conductance
pA/pH units
B P E B P E
Control 37.4 5.52 95.0 1.91 2.79 0.23 NS 2.66 0.22 14.3 1.75 NS 12.2 1.46
P NS <0.001
Carbachol 35.6 4.92 65.0 5.3 2.99 0.21 NS 2.75 0.41 13.8 1.19 <0.001 10.3 1.12
a Values are the means SEM. B and E refer to measurements made in the baseline period and 30 mm after addition of either the
vehicle or carbachol, respectively.
a Control
A(Carbachol
ap <0.01
ap <0.01
P <0.05
P<002
o Control
• Atropine (10—a) +
carbachol (10—i)
10 20 3060 10 20 3060
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uptake suggests that this effect of carbachol is medi-
ated by a muscarinic receptor present in the epithe-
hal cells and is not the consequence of a nonspecific
effect.
Pentobarbital and lanthanum have been shown to
block calcium uptake induced either by the iono-
phore A23 187 and/or by carbachol in the toad blad-
der [2, 10]. At the concentrations used in the pres-
ent study, pentobarbital or lanthanum alone did not
alter calcium uptake. In pentobarbital or lantha-
num-treated hemibladders, carbachol had a smaller
inhibitory effect than it did in control hemibladders,
suggesting that the inhibitory effect of carbachol on
hydrogen ion secretion may be related to an in-
crease in calcium uptake.
In the presence of low of extracellular calcium
concentration, carbachol failed to increase calcium
uptake but still caused a significant inhibition of uri-
nary acidification. The failure of carbachol to in-
crease calcium uptake in the presence of 0.2 mM
calcium may be related to the fact that this concen-
tration of calcium is still 100 times greater than that
of cytosol. Hence, there could still be an increased
influx, but because of the high specific activity the
rate coefficient will be rather high and increasing it
further may not be disclosed by our technique. The
observation that carbachol inhibits urinary acid-
ification in the absence of calcium is similar to data
obtained in other tissues in which total removal of
calcium of extracellular fluid failed to alter the ef-
fect of carbachol [7].
The data of the present study also demonstrate
that carbachol caused a transient increase of calcium
effiux in the turtle bladder, an effect similar to that
observed in other tissues [5—8]. An increase in cal-
cium efflux is thought to reflect an increase in cyto-
solic calcium, secondary, presumably, to release of
calcium from intracellular organelles [20, 21]. To
prove this contention, however, we would have to
demonstrate that carbachol liberates calcium from
isolated intracellular organelles. Further studies are
indicated to elucidate this issue.
It is important to emphasize that isotope flux es-
sentially measures permeability. The demonstration
that both influx and effiux were increased by carba-
chol is consistent with the interpretation that the
permeability of membrane increased or alternative-
ly with the hypothesis that cytosolic calcium con-
centration rose. Our data do not necessarily ex-
clude the possibility that carbachol merely in-
creased calcium permeability or calcium exchange
without changing intracellular calcium.
Although the present data suggest that calcium
may be involved in the inhibition of urinary acid-
ification by carbachol, the methods used to assess
activity of calcium in the cytosol are indirect and
can not provide conclusive evidence that carbachol
increases cytosolic calcium.
Inasmuch as cholinergic agents have been shown
to increase cyclic GMP levels in all tissues in which
it has been examined, we sought to determine
whether exogenous cyclic GMP could elicit an inhi-
bition of hydrogen ion secretion by the turtle blad-
der [22—24]. Dibutyryl cyclic GMP failed to inhibit
hydrogen ion secretion. This finding, however, does
not exclude the fact that the inhibition of hydrogen
ion secretion by carbachol is mediated by cyclic
GMP because the analog of cyclic GMP used may
not be recognized by the cell or enter the cell to
evoke a response. Other investigators [3] have also
failed to demonstrate an inhibition of sodium trans-
port by exogenous cyclic GMP in the toad bladder,
a membrane in which carbachol has been shown to
increase cyclic GMP levels. Because cyclic GMP lev-
els were not measured in the present study, we can
not attribute the inhibition of hydrogen ion secre-
tion to this phenomenon. We point out that even if
cyclic GMP was measured and found to be in-
creased in response to carbachol, a relationship of
cause and effect could not be established with cer-
tainty because it is possible that an increase in cyto-
solic calcium may account for the increase in cyclic
GMP and inhibit hydrogen ion secretion by a dif-
ferent mechanism. Further studies are also neces-
sary to elucidate this issue.
In this present study, we also examined the effect
of carbachol on the proton motive force and active
conductance [11]. Our results demonstrate that car-
bachol inhibits urinary acidification by decreasing
the active conductance of protons and not by alter-
ing the force of the pump. These data are similar to
those obtained with the ionophore A23 187, which
decreased the active proton conductance when the
inhibition of hydrogen ion secretion was of similar
magnitude [9].
Conclusion. Carbachol caused a significant in-
hibition of urinary acidification by the turtle blad-
der. The inhibition of urinary acidification by car-
bachol may be related to changes in cytosolic
calcium.
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